The coupling of Fe magnetic moments in LaFeAsO1−xFx with the As A1g phonon is calculated. We present first principles calculations of the atomic and electronic structure of LaFeAsO as a function of electron doping. We perform calculations using the virtual crystal approximation as well as supercell calculations with F substitutional impurity atoms. The results validate the virtual crystal approximation for the electronic structure near the Fermi level. Its is found that the electronic density of states at the Fermi level is maximum for x=0.125, enhancing the electron-phonon interaction. An additional increase of the electron-phonon parameter λ is obtained if the coupling between the A1g phonon and the Fe magnetic moment is included. It is found that the electron-phonon interaction can be one order of magnitude larger than its value if no spin resolution is included in the calculation. The implications of these results on the superconducting transition are discussed Since the discovery of the Fe-based superconductors a few years ago [1, 2] , several properties common to most of the compounds have been well established and general agreement has been reached. However, there are very important aspects that have not been settled [3] . The most important one, is the mechanism responsible for their superconducting behavior. Early theoretical work [4, 5] ruled out any phonon's role. More recent calculations [6] reveal that, in the non-magnetic phase, phonons coupled with magnetism contribute to superconductivity although not enough to explain the high critical temperature. Another aspect to be clarified involves the Fe magnetic moment. The low temperature stripped antiferromagnetic order in the parent compound is generally accepted, although the magnitude of the calculated magnetic moment is much larger than the observed one [7] . Fluctuations mechanisms as well as orbital magnetic ordering [8, 9] have been proposed to explain this discrepancy. The coupling of the Fe magnetic moments with phonons has been clearly established at least in CaFe 2 As 2 , in the undoped orthorombic phase [10] , and in SmFeAsO 1−x F x [11] . Also the possibility of a non-zero Fe magnetic moment in the superconducting phase has not been ruled out [12] .
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Here we propose that the magnetic moment in Fe atoms does not disappear in the superconducting phase. Instead, what disappears is the long-range collinear antiferromagnetic order while keeping the As-mediated antiferromagnetic local coupling between the Fe atoms. To this end, we have calculated in the manner described in [13] how the energy barrier between two equivalent collinear antiferromagnetic configurations varies with the extra electron concentration in LaFeAsO 1−x F x . We assume that a non-collinear configuration takes place between the two minima as discussed in [13] . The results of the calculation are shown in Figure 1 . The results indicate that the barrier between two equivalent antiferromagnetic arrangement is very small beyond x=0.1 up to the disappearance of the magnetic moment around x=0.3. This low barrier can be responsible for the disappearance of the antiferromagnetic long-range order since the system may fluctuate between the two equivalent magnetic arrangements. To study how the electronic structure, and eventually, the electron-phonon interaction varies with doping we restrict ourself to the antiferromagnetic collinear arrangement since the non-collinear one has a similar electronic structure (see [13] ) and its calculation is much more computational demanding. To obtain the electronic structure we have performed density functional [14, 15] calculations using the SIESTA code [16, 17] which uses localized orbitals as basis functions [18] . In our calculation we use a double ζ polarized basis set, non-local norm conserving pseudopotentials and a local density approximation (LDA) for exchange and correlation. The calculations are performed with stringent criteria in the electronic structure convergence (down to 10 −5 in the density matrix), Brillouin zone sampling (up to 18000 k-points), real space grid (energy cut-off of 500 Ryd) and equilibrium geometry (residual forces lower than 10 −2 eV/Å). Due to the rapid variation of the density of states at the Fermi level, we used a polynomial smearing method [19] . To simulate the effect of doping we use the virtual crystal approximation (VCA) [20] .
The calculated total densities of states for various fluorine contents are drawn in Figure 2 . We first observe the antiferromagnetic pseudo gap at the Fermi level for x=0. As the excess of electrons increases with the fluorine concentration the size of the gap decreases and eventually disappears between x=0.25 and x=0.30. It is interesting to notice that the antiferromagnetic gap lies fully bellow the Fermi level for x ≥ 0.15. Moreover, the peak in the density of states at the antiferromagnetic gap upper edge crosses the Fermi level between x=0.10 and x=0.15. Before we go into the discussion of the electron-phonon interaction parameter we analyze to what extent the virtual crystal approximation is a good starting point to study the electronic structure of these materials. To this end, we have calculated the equilibrium atomic structure and the electronic density of states for various supercells size substituting an oxygen atom by a fluorine one. In this manner we have performed "exact" calculations for x=0.25, 0.125 and 0.0625. The calculated density of states after full relaxation of the atomic positions are shown in Figure 3 which shows an excellent agreement with the VCA results. The VCA density of states reproduces the main features of the super-cell calculations, in particular, the peak in the density of sates crossing the Fermi level at around x=0.125. From these results it is clear that the details of how impurities are incorporated in the oxygen layer does not affect much the electronic structure around the Fermi level which is mainly dominated by the Fe electrons. The main effect of doping impurities at the oxygen layer is to pump electrons into the As-Fe-As layer, as anticipated [21] . (c) ) and using the virtual crystal approximation (panels (d),(e) and (f)) for various values of x. A small imaginary contribution has been added to the energy to smooth the curves.
We have also calculated the influence of an F impurity on the electronic charges and magnetic moments of the Fe atoms. In Table I we show the results for a supercell Fe 16 As 16 La 16 O 15 F 1 which corresponds to x=0.0625. We notice that the extra charge is distributed rather evenly through the Fe atoms and does not distinguish between those closer to the impurity and the other Fe atoms. On the other hand, although the magnetic moment of the Fe atoms closer to the F impurity display a magnetic moment larger than the others, the difference is rather small and we can rule out any relevant polaron formation. The antiferromagnetic coupling between successive Fe layer agrees with the experimental magnetic order of this material. The above results stress the appropriateness of the VCA approximation. Also, there is no significant influence of the presence of F impurities in the geometry of the Fe-As layers next to it. We find that the Fe-As distance depends on the extra charge at the As-Fe-As layers, rather than on the details concerning the oxygen layer and the substitutional impurities. To address the electron-phonon interaction in this system and the superconducting λ parameter, we have considered the symmetric out-of-plane As A 1g mode at k || = 0, in which the Fe atoms remain fixed whereas the As atoms move perpendicularly to the FeAs layers, expanding and compressing the Fe-As bonds. For this phonon mode the diagonal electron-phonon matrix element can be written [22] :
ν is the polarization vector, ω ν is the frequency of the vibrational mode involved and − → D ( − → k , n) is the deformation potential for the state ( − → k , n) The λ parameter associated to a vibrational mode can be written as a sum of the contributions of the electronic bands crossing the Fermi level in the form: where N n (E F ) is the nth-band density of states at the Fermi level, ω A1g the phonon frequency, M As the mass of the arsenic atoms and D n is the variation of the energy band E n at the Fermi energy the phonon with the phonon amplitude:
Before we calculate the λ parameter it is worth looking at the deformation potential associated to the A 1g phonon. Although a supercell approximation could be more precise [23] , the calculations are performed within the VCA. In Figure 4 we show, for the fluorine concentration of 10%, how the electronic band structure is perturbed by the presence of the phonon. In the case of a non magnetic calculation (Figure 4 (a) ) the effect of the phonon in the bands at the Fermi level is small in all the bands but one (d xy ). On the contrary, in the case of the calculation for the antiferromagnetic configuration (Figure 4 (b) ), all the bands are perturbed by the presence of the phonon, and, in addition, there is a flattening of the bands due to the antiferromagnetic pseudo-gap. The effect of the A 1g phonon is to modulate the size of the Fe magnetic moment with the vibration amplitude and therefore inducing an additional shift to the bands. A similar behavior was previously discussed [13] . We have calculated the λ parameter associated to this phonon in the approximation discussed above and within the VCA. The results, along with the variation of the density of states at the Fermi level, are shown in Figure 5 , where a phonon energy of 25 meV is considered. We observe that the antiferromagnetic pseudo-gap induces an increase of the density of states at the Fermi energy with respect to the non-magnetic calculation (see Figure 2 ). This increase would enhance the λ parameter by a factor of two at the most. However, if the deformation potential is included, the λ parameter can be one order of magnitude larger than its value for the non-magnetic calculation ( Figure 5 (b) ). In addition, if we consider the renormalization of the parameter λ due to the renormalization of the phonon mode ω 2 = ω 2 0
1+2λ then λ = λ0 1−2λ0 which for the maximum value at x=0.125 becomes λ = 0.16. This is indeed a substantial increase with respect to the nonmagnetic calculation but not large enough to explain by itself the superconducting critical temperature. All the vibrational modes should be included in the calculation to obtain the total λ parameter. The connection between the Fe-As bond length and the magnetic moments in Fe atoms is important (as discussed by Yildirim [24] ) and is relevant in the electron-phonon interaction.
In summary, we propose that in the superconducting phase of LaFeAsO 1−x F x , the Fe atoms have a finite magnetic moment that fluctuates between two equivalent collinear antiferromagnetic configurations. The presence of this moment varies substantially the density of states near the Fermi level and enhances dramatically the electron-phonon interaction at least fort the As A 1g phonon mode. The maximum of the calculated λ parameter takes place at x=0.125. These results suggest that electron-phonon interaction, coupled with the Fe magnetic moments, must be carefully revised, before ruling out its connection with Fe-based compounds superconductivity. 
